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Release of testosterone during early development is necessary for masculinization of brain 
structures in rodents. Wu et al. (2009) now elucidate the neuronal changes caused by aromatase-
mediated conversion of testosterone into estrogen in perinatal mice and the ensuing effects on 
adult behavior.Sex differences between male and 
female mammals in brain and behavior 
depend on a complex series of genetic 
and molecular events. These include 
SRY (sex-determining region Y) gene 
expression, regulation of X chromosome 
inactivation, multiple epigenetic effects, 
production of gonadal steroid hor-
mones (androgens and estrogens), and 
regulation of steroid hormone receptors 
through at least three epochs of extreme 
sensitivity to the environment: intrauter-
ine, neonatal, and pubertal. The classic 
view is that sex differences develop in 
the mammalian brain under the influence 
of gonadal steroid hormones during the 
perinatal period of development. In male 
rats, a surge in testosterone during this 
critical period results in the development 
of sexually dimorphic brain structures 
and is necessary for the expression of 
male-specific behaviors. However, these 
actions of testosterone appear to be 
exerted not only through its binding to the 
androgen receptor (AR), but also through its conversion to estrogen by aromatase, 
an enzyme synthesized in the brain. In 
this issue, Wu et al. (2009) demonstrate 
that the number and projection patterns 
of brain neurons that express aromatase 
differ between male and female adult 
mice, a hormone-induced developmen-
tal event that correlates with sex-specific 
behaviors.
Wu and colleagues used an elegant 
genetic approach to decipher the expres-
sion of aromatase at the single-cell level 
in mouse brain. They detected small 
pools of aromatase-positive cells in sev-
eral discrete locations in the adult mouse 
brain, all of which are part of neural cir-
cuits implicated in gender-specific sexual 
and aggressive behaviors. The authors 
confirm that most of the aromatase-
positive cells are neurons and that these 
cells coexpress receptors for androgens 
and estrogens. The small number of aro-
matase-positive cells suggests that they 
cannot influence the levels of circulating 
estrogens per se. However, they could Cell 1alter local concentrations of estrogens in 
the brain and thus modify the neural cir-
cuits involved in gender-specific behav-
iors. Notably, the authors report a larger 
absolute number of aromatase-express-
ing neurons in two key brain regions—
the bed nucleus of the stria terminalis 
(BNST) and the medial amygdala—in 
male compared to female mice. The pro-
portion of aromatase-positive neurons in 
these structures is the same in males and 
females, indicating a greater total number 
of neurons in males. In addition, males 
exhibit an increase in aromatase-positive 
neuronal projections in the anterior and 
ventromedial hypothalamus. There are 
very few aromatase-expressing cell bod-
ies detected in these structures prompt-
ing the authors to suggest that these 
projections may be afferents from com-
ponents of the limbic system such as the 
BNST and medial amygdala.
The authors provide compelling evi-
dence that the masculinization of the aro-
matase-positive neurons is independent 39, October 2, 2009 ©2009 Elsevier Inc. 19
figure 1. estrogen Masculinizes Brain and Behavior
(Top) The perinatal surge of testosterone in genetically male mice results in the development of male-type brain morphology. Wu et al. (2009) report that con-
version of testosterone into estrogens is a key step in this process. Testosterone is converted into estrogens by aromatase synthesized in the brain, causing 
the number and projection patterns of aromatase-expressing neurons to become sexually dimorphic. In adult males, estrogen derived from testosterone by 
aromatase activity acts through estrogen receptor-α (ERα) to potentiate male-type aggressive and territorial behaviors. However, testosterone acting directly 
through androgen receptors (ARs) is required for the full robust expression of the total complement of these male-type behaviors.
(Bottom) Treating female mice with estrogen neonatally results in a male-type pattern of aromatase-expressing neurons. In adulthood, estrogen is also required 
for expression of the male-type aggressive and territorial behaviors permitted by the neuronal changes caused by the neonatal hormone treatment.of AR expression and that estrogen expo-
sure during perinatal development is the 
key step for this process (Figure 1). When 
female pups were treated with estrogen 
neonatally, they had the same number 
and pattern of aromatase-expressing 
cells in adulthood as wild-type males. The 
authors also demonstrated that estrogen 
promoted the survival of aromatase-
expressing cells by preventing apoptosis, 
a mechanism that appears to be universal 
for the development of sexually dimorphic 
brain structures in mammals.
Both the BNST and medial amygdala 
have been shown to regulate sexual 
and aggressive behaviors in adult mam-
mals. So, next, the authors examined 
whether neonatal estrogen treatment 
that masculinized aromatase-positive 
neurons in females also had an effect on 
gender-specific behaviors. Female mice 
treated with estrogen neonatally were 
not receptive to males although they did 
not display male-pattern sexual behav-
ior toward other females. Instead, neo-
natal estrogen exposure resulted in the 
masculinization of territorial behaviors 
such as aggression toward intruders and 
male-pattern urine marking.
These results are in concert with a model 
in which a perinatal surge of testosterone, 
which is converted by aromatase into 
estrogen, masculinizes the male brain, in 
part via masculinization of the aromatase-
positive neurons, resulting in certain male-
typical behaviors. Wu and coworkers go 
further and demonstrate that the presence 
of gonadal steroid hormones in adulthood 20 Cell 139, October 2, 2009 ©2009 Elsevieis also necessary to activate male pattern 
behavior. Previously, various combinations 
of hormonal treatments were used to show 
that neonatally “masculinized” female 
mice display increased sensitivity to tes-
tosterone in adulthood and exhibit male-
typical aggressive behavior in response to 
this steroid hormone (Simon et al., 1996). 
Interestingly, the new findings from Wu 
and colleagues demonstrate that in adult-
hood this behavioral effect can be elicited 
by both male and female gonadal steroid 
hormones and is mostly independent of 
AR expression. These data suggest that 
estrogen is sufficient to induce male-type 
aggressive and territorial behaviors, and 
that testosterone enhances the expres-
sion of certain aspects of these behav-
iors. Thus, the authors make a convinc-
ing case for the importance of aromatase 
activity and perinatal estrogen exposure 
in the development of masculinized brain 
morphology and gender-specific behav-
iors, providing a valuable extension to our 
understanding of the neurochemistry of 
aromatase action (Roselli and Klosterman, 
1998; Roselli, 2007).
But complexities abound. Although 
estrogens in the adult alter expression of 
several genes that participate in female 
reproductive behavior (Pfaff, 1999), 
Ogawa and colleagues (Ogawa et al., 
1996) were the first to find that deletion 
of just a single gene, encoding estrogen 
receptor-α (ΕRα), could make a female 
mouse act like a male and be treated like 
a male, that is, a complete reversal of 
behavioral sex roles. Further, expression r Inc.of an individual gene can have an oppo-
site effect on simple aggressive behav-
iors (Ogawa et al., 2004) depending on 
whether that gene is being expressed in 
a female or in a male. How do the new 
results fit with what is already known? 
Wu and colleagues demonstrate that 
aromatase-mediated conversion of tes-
tosterone into estrogen is essential for 
the masculinization of the male brain and 
male behavior. From previous work, we 
know that male mice lacking aromatase 
display markedly reduced aggression 
toward intruders (Matsumoto et al., 2003), 
and that in male mice deficient in ERα 
aggressive behavior is virtually abolished 
(Ogawa et al., 2004). Taken together, all 
of these data point to the essential role 
of estrogen signaling through ERα in the 
expression of male-typical aggressive 
behaviors and the development of the 
neural circuits that underlie them.
Molecular neuroendocrine pathways 
in the brain are convincingly conserved 
from mouse to human (Pfaff, 1999). The 
same limbic-hypothalamic system first 
revealed by hormone-binding studies 
in the brain, and now highlighted by the 
new work of Wu et al., also shows quan-
titative morphological sex differences 
in humans (Byne et al., 2001; Swaab et 
al., 2001). It is interesting to speculate 
about the degree to which hormone-
induced dimorphism among neurons is 
conserved. It will also be exciting to use 
the mouse models developed by Wu and 
colleagues to link specific behaviors to 
their underlying neural circuits.
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